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Cubic  Ag  dendritic  nanostructure  with  ordered  branches  and  Ag  particles  have  been  successfully  pre-
pared by soaking  pretreated  Zn  plate  into  silver  ammonia  ion  solution  at  80 ◦C and  reducing  the  silver
ammonia  ion  solution  with  ascorbic  acid  in  the  presence  of PVP,  respectively.  Field-emission  scanning
electron  microscopy  (FESEM)  and  transmission  electron  microscopy  (TEM)  images  show  that  the  overall
length of  the Ag  nanodendrites  is  3–10  m,  and  the average  diameter  of  the  stems  and  branches  are
100 nm  and  50  nm,  severally.  The size  of  the  Ag  particles  is  in the  range  of  100–500  nm.  The  photolu-g
anodendrites
hotoluminescence
umidity sensing
minescence  (PL)  property  of  the  samples  reveals  that  the  Ag dendritic  nanostructures  show  stronger  PL
intensity than  the  Ag particles.  A  room  temperature  photoluminescence-type  gas  sensing  device  based
on the  pure  Ag  nanodendrites  has  been  established  to investigate  their  humidity  sensing  properties.  For
comparison,  pure  Ag particles-based  sensors  were  also  fabricated  in  the  same  condition.  Compared  with
their counterparts,  possibly  due  to  its  large  surface  area,  Ag  nanodendrites  present  better  sensitivity,
nd  q
 2013more  excellent  linearity  a
©
. Introduction
Over the past several years, dendritic structures have stimulated
reat interest because of their wide variety of potential applications
n surface-enhanced materials, catalyst, sensors, optical and elec-
ronic systems [1–3], etc. It is well-known that the size, dimension
nd morphology of nanomaterials deeply inﬂuence their physi-
al and chemical properties, and thus their applications [4]. Many
fforts have been made in fabricating nano- or micro-materials
ith dendritic structures owing to their low density, large surface
reas and good surface permeability.
Recently, in particular, the dendrites of noble metals with hier-
rchical structure have aroused increasing interest owing to their
uperior properties. For example, Chung’s group [5] reported that a
etwork porous structure of gold (Au) nanodendrites prepared by a
imple electrochemical method could exhibit much more sensitive
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detection of As (III) than gold nanoparticles with smaller surface
areas. Sun and co-workers [6] have recently shown that star-
shaped gold nanodendrites exhibited much higher speciﬁc activity
toward the electrocatalytic reduction of H2O2 than a polycrys-
talline gold electrode which was attributed to the high density of
stepped atoms on the surface. Yamauchi’s group [7] demonstrated
that highly porous well-dispersed 3D Pt dendritic nanostruc-
tures showed higher electrocatalytic activity for the reduction
of dioxygen and oxidation of methanol than that of the 6 nm
Pt nanoparticles and bulk platinum. Pt nanodendrites were also
obtained by Chang and co-workers [8] and the as-prepared prod-
ucts could provide larger electrochemically active surface areas
and greater electrocatalytic activity for the oxidation of methanol
than that of standard Pt nanomaterials. Until now, almost all the
property researches such as sensitivity and catalytic activity of
nanodendrites of noble metals are based on the electrochemical
method.
As one of the special metals, Ag has the highest thermal and
electrical conductivity of all metals [9–11] and Ag nanomaterials
are useful for a variety of potential purposes, such as selective
oxidation catalysts, electrical contacts, additives in conduc-
tive adhesives, substrates for ﬂuorescence-based bioassays and
surface-enhanced Raman spectroscopy [12,13] and so on. Because
of these applications, the synthesis of silver dendritic nanostruc-
Open access under CC BY-NC-SA license. tures with high surface to volume ratios has caught great attention
of many researches. For instance, Naka et al. [14] synthesized
silver dendritic nanostructures via electron transfer from tetrathi-
afulvalene (TTF) to silver ions in acetonitrile and the formation of
 license. 
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he silver nanodendrites could be attributed to the crystallization
f TTF radical cations. Rashid’s group [2] reported that various
endritic Ag nanostructures have been obtained by using various
itrate salts as reducing cum-stabilizing agents and the formed Ag
anodendrites show better catalytic activity during the conversion
f p-nitrophenol to p-aminophenol compared to the spherical Ag
anoparticles. Wang and coworkers [15] prepared the dendritic
g nanoparticles by soaking the SiO2 particles as the micro reactor
nto silver nitrate (AgNO3) aqueous solution under visible light
rradiation, where AgNO3 reacted with template agent (CTAB) and
gBr decomposed into elemental Ag nanoparticles. The obtained
g nanodendrites exhibit excellent SERS (Surface Enhanced Raman
cattering) enhancement ability due to their supramolecular nano-
tructure. Yang and co-workers [1] reported synthesis of silver
anodendrites by using heterogeneous Zn microparticles as reduc-
ng agent and the products as a conducting matrix for a glucose
iosensor displaying a remarkably sensitivity increase. However,
o the best of our knowledge, there have been no reports on the
umidity sensing properties of pure Ag dendritic nanostructure
ased on the room temperature photoluminescence-type device.
In our previous work, we have already reported the NH3 sensing
roperties of the Cu7S4 nanoboxes with single and double walls [16]
nd the humidity sensing properties of Li3PO4 hollow nanospheres
17] and zinc sulﬁde nanotube arrays [18] at room temperature
ith a simply adapted photoluminescence-type gas sensor. Herein,
e report a simple template method to prepare dendritic Ag nano-
tructures by soaking Zn plate into silver ammonia ion solution, in
hich commercial AgCl was used as the silver source. The synthetic
rocess is very successful and involves a common replacement
eaction. According to the experimental result, the Ag nanoden-
rites manifest stronger PL intensity than their counterparts. To
xplore the potential application of the novel silver dendritic struc-
ures and on the basis of our previous work, we  have further
nvestigated their PL sensitivity to humidity at room temperature
ith our adapted photoluminescence-type gas sensor mentioned
bove. The results demonstrate that Ag nanodendrites exhibit
igher sensitivity, more excellent linearity and quicker recovery in
 very wide humidity range at room temperature. It is worth men-
ioning that the sensing test can be conducted at room temperature
ithout the assistance of heat regeneration.
. Experimental details
.1. Synthesis
All reagents were of analytical grade, purchased from Shanghai
hemical Reagents Company and used without further puriﬁca-
ion. For the synthesis of Ag nanodendrites, 10 ml  of the Ag (NH3)2+
olution (containing 0.05 M of Ag+) prepared by dissolving analyt-
cally pure AgCl with weak aqua ammonia, was  put into a 50 ml
eﬂon-lined autoclave and a pretreated 10 mm × 10 mm × 0.25 mm
inc foil (999%) was immersed into the above solution. The capped
utoclave was maintained at 80 ◦C for 1 h. After cooling to room
emperature naturally, the argenteous products were scraped care-
ully from the zinc foil and washed with distilled water and absolute
thanol several times and dried in air for 6 h.
The synthesis of Ag particles was conducted in a beaker at room
emperature under constant magnetic stirring. Typically, 0.500 g
f polyvinylpyrrolidone (PVP, molecular weight = 40,000) was dis-
olved in 100 ml  of the silver ammonia ion solution (Ag (NH3)2+)
containing 0.005 M of Ag+) as-prepared. Then 50 ml  of ascorbic acid
queous solution (0.01 M)  was dropped into the above solution.
fter about 1 h, the precipitates were collected by centrifugation,
ashed with deionized water and ethanol respectively. Finally, the
roducts were dried in air for 6 h.2 Theta (degrees)
Fig. 1. XRD patterns of (a) Ag nanodendrites and (b) Ag particles.
2.2. Characterization
X-ray powder diffraction (XRD) patterns were recorded on a
Japan Rigaku D/max-rB X-ray diffractometer with Cu K radia-
tion ( = 154,178 A˚), operated at 40 kV and 80 mA.  Field-emission
scanning electron microscopy (FESEM) measurement was carried
out on a ﬁeld-emission microscope (JEOL JSM-6700F) operated at
an acceleration voltage of 5 kV. The photoluminescence (PL) mea-
surements and sensing properties of the samples toward humidity
were performed on a Hitachi F-4500 FL spectrophotometer at room
temperature.
2.3. Humidity sensing measurements
The humidity sensing measurements were performed accord-
ing to our previous reports [17,18]. All the gas-sensing experiments
were performed at room temperature using a simply adapted pho-
toluminescence installation (Fig. S1), which consists of three parts:
a gas ﬂow control system, a colorimetric cuvette and a Hitachi F-
4500 FL spectrophotometer. The sensing properties of the products
toward humidity were investigated under the given conditions.
For humidity sensing measurements, the excitation and emission
wavelength is set at 320 nm and 450 nm respectively, and the work-
ing mode is time-scanning, using nitrogen as carrier gas at room
temperature. The sensors were assembled by ﬁlling the concave
(10 mm × 5 mm)  on a black hard paper with the sample powders
(about 40 mg)  and then the sensors were diagonally plugged into
the colorimetric cuvette, working under the carrier gas of nitro-
gen for PL measurements. Measurements of the sensors’ response
to different relative humidity were performed by introducing con-
trolled amounts of water vapor in nitrogen into the system. After
PL intensity was  not changing for a short time, the analyte (water
vapor) was  subsequently blown off by purging the system with
pure nitrogen gas. Relative humidity was  controlled by adjus-
ting the ﬂow rate of the nitrogen gas through the two gas ﬂow
controllers. The total ﬂow rate was  maintained at 1000 ml  min−1.
The relative humidity was  calibrated by a commercial humidity
meter.
3. Results and discussion
The composition and phase purity of the products were char-
acterized by X-ray powder diffraction (XRD). Fig. 1 shows the XRD
patterns of the samples prepared at different reaction conditions.
The three diffraction peaks can be indexed to diffraction from the
(1 1 1), (2 0 0) and (2 2 0) of face-centered cubic (fcc) silver (PDF ﬁle
no. 03-0921) with space groups Fm3m (2 2 5). Fig. 1a shows the XRD
922 J. Xu et al. / Applied Surface Science 280 (2013) 920– 925
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fFig. 2. FESEM and TEM images of (a, b
attern of Ag nanodendrites synthesized by soaking pretreated Zn
oil into silver ammonia ion solution, while the XRD pattern of Ag
articles fabricated by reducing silver ammonia ion using ascorbic
cid as reducing agent in the presence of PVP is presented in Fig. 1b.
o impurities could be obviously found in the XRD patterns of the
wo samples.
The ﬁeld-emission scanning electron microscopy and transmis-
ion electron microscopy are used to observe the morphologies
nd structures of the as-prepared products. A representative high-
agniﬁcation FESEM image of a typical dendritic nanostructure
s shown in Fig. 2a, which demonstrates a well ordered den-
ritic nanostructure. The nanodendrites appear as a remarkably
ierarchical structure constituted by several generations with
pparent self-similarity. In the observed nanodendritic structure,
he diameters of the stems and branches are about 100 and 50 nm,
espectively, which are much shorter than the literature [14]. The
iameter of the stems is quite wider than that of the branches,
hereas the stems are the same as the branches in diameter in
he previous report [1]. This phenomenon may  be attributed to
ifferent conditions and processes during the formation of nan-
dendrites, which needs to be further studied. Most interestingly, it
s evidently seen from the high magniﬁcation FESEM image (Fig. 2a)
hat the individual nanodendrite is composed of numerous side
ranches, and not only the stems but also the branches consist
f nanoparticles. The nanoparticles in the deep level crowd so
ightly that it is difﬁcult to make a distinction between the inter-
aces among them. Meanwhile, the surface of branches is sparselyanodendrites and (c, d) Ag particles.
arranged with some mostly globularity nanoparticles with the
diameters of about 20–80 nm.  All these imply that these nanoden-
drites might grow radially from the same particle. Furthermore,
it is observed that the nanodendrites are nearly symmetric, and
the angles between the stems and the branches are in the range of
50–60◦. Accordingly, all the branches on every stem are nearly par-
allel. It is also noted that the side branches growing on the stems
can also act as a secondary stem to grow secondary side branches.
The low magniﬁcation TEM image in Fig. 2b further conﬁrms that
the Ag products exhibit the uniform nanodendritic structure and
the stems are different from the branches in diameter. In addi-
tion, the overall length of the nanodendrites is estimated about
3–10 m from Fig. 2b. Fig. 2c and d shows the FESEM and TEM
images of the Ag products prepared using ascorbic acid reducing
silver ammonia ion in the presence of PVP. Fig. 2c presents that
the Ag sample is composed of polyhedron-like nanoparticles with
inhomogeneous size, which is about 100–500 nm.  The reason may
be that the small particles have been agglomerated into bigger
particles, which results in the low PL intensity in the following dis-
cussion. TEM image (Fig. 2d) also shows that the sample is made up
of nanoparticles, yet the size of particles is more uniform in com-
parison with that of SEM image. Possibly, it is due to ultrasonication
which can make the products disperse well and avoid agglomerat-
ing. The products are dispersed well through ultrasonication before
TEM characterization but not before FESEM characterization. Thus
the difference is observed between the FESEM image and the TEM
image.
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 (0% RH)ig. 3. PL spectra of (a) nanodendrites and (b) particles measured in air at room
emperature.
To explore the potential applications of these Ag nanodendrites,
e tested their optical property by PL measurement. For compar-
son, the photoluminescence (PL) spectra of the Ag nanodendrites
ample and particles sample were measured on a Hitachi F-4500 FL
pectrophotometer with a Xe lamp with the excitation wavelength
f 320 nm and with the wavelength-scanning mode at room tem-
erature in air. The obtained photoluminescence (PL) spectra of the
wo samples are shown in Fig. 3. Apparently, it can be observed that
he strongest emission peaks of the two samples both appeared
t 450 nm,  which was probably attributed to the direct radiative
nterband recombination of the conduction sp-band electrons with
oles in the valence d band [19]. Fig. 3 presents that for the same
mount of samples (about 40 mg), the PL intensity of the Ag nan-
dendrites is much stronger than that of the Ag particles presented
n Fig. 3b. It has been reported that the PL spectra of Ag samples
reatly depends on the size and morphology of the Ag nanomate-
ials [19]. When the size of the particles decreased, the intensity
f the PL increased, indicating a strong inﬂuence of the particles
urface on the PL spectra. Here, the size of nanoparticles in Ag nan-
dendrites is about 20–80 nm,  which is much shorter than that
f the Ag particles (100–500 nm). Moreover, owing to their high
ensities of edges, corners, and stepped atoms existing on their
endrites [20], the nanodendrites with hierarchical structure have
arger speciﬁc surface area to support more active sites which can
ccept more photon energy and then exhibit stronger PL intensity
han their particle counterparts.
Based on the PL intensity of Ag nanodendrites, a PL-type humid-
ty sensor constructed of Ag nanodendrites has been fabricated to
xplore their humidity sensing properties. For comparison, Ag par-
icles have also been used to fabricate PL-type humidity sensors.
enerally, sensitivity, response as well as recovery time is used to
haracterize the performance of gas sensors. Here, the response is
eﬁned as IH2O/IN2 , where IH2O and IN2 denote the PL intensity of the
amples exposed to RH and pure N2, respectively [21]. The response
nd recovery times are, respectively, deﬁned as the time reaching
0% and 10% of the maximum PL intensity [22,23].
Fig. 4 presents PL intensity proﬁles of the Ag nanodendrites-
ased sensor and Ag particles-based sensor as the surrounding gas
as switched between 65% and 0% RH at room temperature, with
he excitation and emission wavelengths set at 320 and 450 nm,
espectively. When 65% RH in reference to dry N2 is introduced to
ach of sensors, it is observed that the PL intensity sharply increases
nd then gradually reaches a relatively stable value. Very interest-
ngly, the PL intensity rebounds rapidly to the original value in a
ery short time after switching to dry N2 again. It is clearly seenFig. 4. Room temperature time proﬁles of PL intensity of the sensors based on (a) Ag
nanodendries and (b) Ag particles as the surrounding gas was  switched to humidity
(65%).
that the PL intensity changes of each sensor are fully reversible, and
the repeatability is very good according to their 15 cycles of per-
formance. As is shown in Fig. 4, under the same testing conditions,
the response of the Ag nanodendrites-based sensor (Fig. 4a) to 65%
RH is about 1.367, whereas that of the Ag particles-based sensor
(Fig. 4b) is about 1.120. Undoubtedly, the Ag nanodendrites-based
sensor presents a higher sensitivity than the Ag nanoparticles. As
is shown in Fig. 4a, the response and recovery time of the Ag
nanodendrites-based sensor to 65% RH are about 62 s and 109 s,
respectively. Accordingly, the response and recovery time of the Ag
particles-based sensor to 65% RH are about 54 s and 179 s shown in
Fig. 4b. It is distinct that the response time of both nanodendrites
and particles is much shorter than their corresponding recovery
time. Although a little longer time is required for the response of
signal, the gas sensor based on Ag nanodendrites has a much shorter
recovery time in comparison with the Ag particles. Based on the
results, it can be concluded that the Ag nanodendrites-based sen-
sor displays higher sensitivity and quicker recovery to humidity
than the Ag particles-based sensor.
To understand how the sensors based on Ag nanodendritic hier-
archical structure and particles respond to testing gas with different
RH, we  also studied the PL response of the sensors to different RH,
as demonstrated in Fig. 5. Fig. 5a shows the PL intensity proﬁle of
the sensor based on Ag nanodendrites as a function of RH. We  can
see from the ﬁgure that the PL intensity change increases with the
increasing relative humidity. The result is consistent with that of
the Ag particles (Fig. S2). Fig. 5b shows the plots of gas sensing
response versus RH at room temperature for the two  types of gas
924 J. Xu et al. / Applied Surface Science 280 (2013) 920– 925
♦
Fig. 5. PL intensity proﬁle of the sensors based on Ag nanodendrites as a function of RH at room temperature, with the excitation and emission wavelengths set at 320 nm
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mnd  450 nm,  respectively. (b) PL response of the sensors based on (A) Ag nanodendr
ensors based on Ag hierarchical nanodendrites (A) and particles
B). Clearly, there exists a linear relationship between response
nd RH for both sensors. The correlation coefﬁcient of the plots,
2, is estimated to be 0.9921 and 0.9754 for the sensors based on
g hierarchical nanodendrites (A) and particles (B) respectively by
he least squares method. The results indicate that both the sensors
xhibit increased response with increasing RH and but the sensors
ased on Ag hierarchical nanodendrites show more excellent lin-
arity than particles. Therefore, the Ag nanodendrites-based sensor
ay  hold greater potential in optical humidity sensing. Moreover,
he response of the sensor based on Ag hierarchical nanodendrites
s much higher than that of Ag particles at different RH, further
ndicating the advantage of Ag hierarchical nanodendrites in gas
ensing application.
As we know metals do not have a forbidden energy gap between
ccupied and unoccupied states in the conduction band, thus the
adiative transition and luminescence process rarely happen due to
he nonradiative recombination between the excited electron and
he hole [24,25]. However, the photoluminescence (PL) from silver
anoparticles can be attributed to the interband radiative transition
rom electron states in the conduction sp band to holes states in the
alence d band [26–30].
When the Ag nanodendrites are exposed to water vapor like
H3 with lone-pair electrons, oxygen atoms from the dipolar H2O
olecules will prefer to adsorb on the surfaces of Ag nanoden-
rites by donating their lone-pair electrons [31], which increases
he number of electrons in the conduction sp band of Ag. The
ncreased number of electrons in the conduction sp band attracts
he holes in the valence d band, thus increases the probability of
nterband radiative transitions, and consequently results in the PL
ntensity enhancement. If the tendency of radiative and nonradia-
ive transitions keeps balance, the PL intensity transition reaches
 relatively stable value. When the water vapor is switched to
ure nitrogen, H2O molecules adsorbed on the surfaces of Ag
anodendrites desorb from them. At the same time, the number
f conduction electrons attracting the valence holes in Ag nan-
dendrites decreases, subsequently the probability of nonradiative
ransitions becomes lower, as a result, the PL intensity quenched.
hen all the H2O molecules adsorbed on the surface of Ag nan-
dendrites desorb completely from it the PL intensity goes down
o its original value.
In a number of studies, nanodendrites generally exhibit a rea-
onably large speciﬁc surface area and a high speciﬁc activity
ecause of their high densities of edges, corners, and stepped atoms
xisting in their branches [20]. Since Ag nanodendrites possesses
igher surface area than Ag particles, Ag nanodendrites can provide
ore binding sites for H2O molecules combined with the holes innd (B) Ag particles to different RH.
the valence d band and exhibit higher response to the humidity
than Ag particles.
To address the selectivity of the sensor, response of the Ag
nanodendrites-based sensor to ethanol and acetone vapors were
also measured. The tests have been conducted by taking the place
of the distilled water bubblers with the bubblers of ethanol and ace-
tone vapors respectively in the absence of humidity under the same
conditions to evaluate their response of the sensors. As presented
in Fig. S3, very little PL responses could be detected when ethanol
or acetone vapor was  introduced into the gas sensing system. The
results indicate that the Ag nanodendrites-based sensor shows a
high response to humidity and the interference of organic vapors
such as ethanol and acetone to the sensor can almost be neglected.
4. Conclusions
In summary, two different morphologies of Ag samples are suc-
cessfully fabricated by simple methods, Ag nanodendrites with
an overall length of about 3–10 m and an average diameter of
the stems and branches of about 100 nm and 50 nm respectively
are prepared by soaking pre-treated Zn plate into silver ammonia
ion solution and via a facile reduction reaction. And Ag parti-
cles with size of 100–500 nm are obtained by reducing the silver
ammonia ion solution with ascorbic acid in the presence of PVP.
Based on their PL properties, room temperature PL-type humid-
ity sensors based on Ag nanodendrites and Ag particles have been
respectively fabricated to explore their humidity sensing perform-
ances. Experimental results show that Ag nanodendrites exhibit
stronger photoluminescence (PL) intensity than Ag particles since
the hierarchically dendritic nanostructure have larger surface area-
to-volume ratio and more active sites in comparison with their
counterparts. To demonstrate the potential application of the Ag
dendritic nanostructure, the PL sensitivity to humidity of the two
Ag samples has been further investigated. Gas sensing experiments
based on a PL-type gas sensor revealed that these nanodendrites
exhibited good sensing performances for humidity with quick
response and recovery, good repeatability and no need for heat
regeneration.
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